We have developed a sensitized screen to identify genes involved in gene silencing, using random N-ethyl-N-nitrosourea mutagenesis on mice carrying a variegating GFP transgene. The dominant screen has produced six mutant lines, including both suppressors and enhancers of variegation. All are semidominant and five of the six are homozygous embryonic lethal. In one case, the homozygous lethality depends on sex: homozygous females die at midgestation and display abnormal DNA methylation of the X chromosome, whereas homozygous males are viable. Linkage analysis reveals that the mutations map to unique chromosomal locations. We have studied the effect of five of the mutations on expression of an endogenous allele known to be sensitive to epigenetic state, agouti viable yellow. In all cases, there is an effect on penetrance, and in most cases, parent of origin and sex-specific effects are detected. This screen has identified genes that are involved in epigenetic reprogramming of the genome, and the behavior of the mutant lines suggests a common mechanism between X inactivation and transgene and retrotransposon silencing. Our findings raise the possibility that the presence or absence of the X chromosome in mammals affects the establishment of the epigenetic state at autosomal loci by acting as a sink for proteins involved in gene silencing. The study demonstrates the power of sensitized screens in the mouse not only for the discovery of novel genes involved in a particular process but also for the elucidation of the biology of that process.
D
espite the fact that the epigenetic state of the eukaryotic genome has profound effects on ultimate phenotype, little is known about the mechanisms by which these states are established. In mammals, genomewide epigenetic reprogramming occurs during both gametogenesis and early embryonic development (1) . For technical reasons, mainly related to the challenges of manipulating such small starting material, it has been difficult to study these events. We have designed a screen to detect genes involved in establishing and maintaining the epigenetic state of the genome in the mouse by screening for mutations that affect variegated gene expression in the adult. Similar screens have been undertaken in Drosophila melanogaster (2) and maize (3) . Although two screens have been carried out in the mouse to identify genes involved specifically in X inactivation and parental imprinting (4, 5) , our screen is designed to find genes that play a fundamental role in epigenetic modifications by assessing variegated gene expression.
Some genes in the adult animal appear to be more sensitive to epigenetic state than others, and at these loci the establishment of epigenetic state is to some degree stochastic. The Drosophila screens, described above, used flies that displayed variegated expression of the w locus to identify genes involved in position effect variegation (PEV), and these genes turn out, in many cases, to play a critical role in epigenetic gene silencing (6) (7) (8) . HP1 and histone H3 lysine 9 methyltransferase [SU(VAR) [3] [4] [5] [6] [7] [8] [9] are two notable examples (9) . In the mouse, multicopy transgene arrays are particularly sensitive to gene silencing as evidenced by the fact that they often display variegation (10) . We have used a murine transgenic line that expresses GFP in a variegated manner (11) in a random mutagenesis screen to identify unique genes involved in the establishment and maintenance of epigenetic state. The advantages of using this transgenic line are that changes in its expression will not alter the viability of the mouse, the measurement of the phenotype is carried out by flow cytometry, which is fast and extremely accurate (helpful when screening thousands of mice), and it is unlikely that we will pick up mutations allelic to the transgene itself, because point mutations in a multicopy transgene array would have a negligible effect on overall output.
In mice, stochastic gene silencing associated with variegation is not limited to transgenes. There are some endogenous alleles, metastable epialleles, that behave in this way. Their activity is sensitive to epigenetic state, and this state is to some degree unstable both within and between generations (12). The best characterized metastable epiallele is agouti viable yellow (A vy ). The agouti gene encodes a protein that causes the production of yellow pigment in the hair. Expression of the WT agouti gene is under the control of promoters, which are active at only one stage in the hair growth cycle, resulting in a yellow band on a black hair (13) . At A vy , a retrotransposon has integrated upstream of the agouti promoter and drives constitutive expression of Agouti, resulting in a completely yellow coat, along with late-onset obesity and diabetes (14) . Expression from this retrotransposon can be epigenetically silenced in some cells, producing agouti-colored patches (mottled) or even a completely agouti-colored mouse (called pseudoagouti). So mice within a litter of isogenic individuals can have different phenotypes, termed variable expressivity. Given that a mottled mouse appears similar to a tabby mouse, where patches are produced because of random X inactivation (15) , it is likely that the epigenetic silencing at A vy occurs at the same stage as X inactivation, around embryonic day 6.5. The silencing correlates with cytosine methylation at the A vy allele, but the mechanism by which the retrotransposon is stochastically silenced is unknown (16) . At metastable epialleles, the range of phenotypes within a litter of isogenic animals is also influenced by the parental origin of the allele, e.g., maternal inheritance of A vy produces a higher proportion of yellow offspring than paternal inheritance (17, 18) . In some genetic backgrounds the phenotype of the parent influences the phenotype of the offspring, termed epigenetic inheritance (16, 18) . These phenomena are poorly understood but clearly involve epigenetic reprogramming during both gametogenesis and early development. The retrotransposon insertion alleles A vy and A iapy both have been shown to be sensitive to haplo-insufficiency for an epigenetic modifier, DNA methyl-transferase 1 (S. Chong, personal communication) (19) , consistent with the fact that many modifiers of retrotransposon insertional alleles in Drosophila display dosage-dependent effects on PEV (20, 21) .
We have identified six mutations in a dominant screen for transgene variegation. These genes must play a critical role in development because, in most cases, homozygosity is associated with embryonic lethality. We have introduced one copy of each of our mutations into a line carrying the A vy allele. In all cases tested, they alter penetrance at A vy . In addition, we have found that the mutations display interesting parent of origin and sex-specific effects on expression of the A vy allele.
Materials and Methods
Generation and Screening of Mutant Mice. The transgenic mouse line GFP1 carries a transgene array of Ϸ11 copies of a construct in which the human ␣-globin promoter and enhancer elements are linked to the GFP-coding sequence (11) . The transgenic line was produced (and has been maintained) in the inbred FVB͞NJ strain. The transgene is expressed in 55% of erythrocytes in 3-week-old offspring. This finding is highly reproducible among isogenic mice over many generations (11) . Twelve homozygous GFP1 mice were treated with one dose of 100 mg͞kg N-ethyl-N-nitrosourea (ENU) (22) . The mice recovered fertility between 15 and 30 weeks later and were mated with homozygous GFP1 females. The offspring were screened at 3 weeks of age for changes in GFP expression by flow cytometry. Mice with alterations in expression were bred further to test for heritability. When heritability was confirmed, the mutant was named. FVB͞NJ mice heterozygous for the mutation (at least two generations down from the founder), and homozygous for GFP1, were mated with C57BL͞6J mice heterozygous for the A vy allele. The coat color phenotype was classified at weaning by a trained observer as either yellow, mottled, or agouti. This observer had no knowledge of the genotype (with respect to the ENU mutation) of the individuals. Subsequently, GFP expression was determined by flow cytometry. FVB͞NJ mice carry the A locus and C57BL͞6J mice carry the a locus. Yellow and mottled mice carried the A vy allele. All agouti-colored mice were genotyped by PCR, to assess whether they were A vy ͞A and pseudoagouti, or A͞a, as reported (18) .
Linkage Analysis. Linkage analysis was performed on tail-tip DNA samples, prepared as described (16) . Heterozygous mutant FVB͞NJ mice at least two generations down from the founder were crossed into C57BL͞6J. The mutant offspring from this mating were selected and crossed with C57BL͞6J. We have mapped the transgene to chromosome 1 (data not shown). Initially, we used 40 microsatellite markers that differ in size between FVB͞NJ and C57BL͞6J, spaced evenly throughout the genome and excluding chromosome 1 (23) . The PCR products were separated by gel electrophoresis, and the data were analyzed by interval haplotype analysis (24) . When a linked chromosome was found, additional markers and mice were used to reduce the linked interval. WT littermates were used to confirm that there was no linkage to this region in these animals. A minimum of 80 mutant G 2 progeny was used for mapping each dominant mutation.
Hprt Bisulfite Sequencing. Bisulfite conversion of DNA was performed as described (18), except that bisulfite treatment was for 40 h. The bisulfite oligonucleotides and cycling conditions were as described (25) .
Sex Determination of Embryos. The presence of the Sry gene was detected by PCR, as described (26) , with a modification to the PCR parameters: 94°C 2 min for 1 cycle; 94°C 30 s, 58°C 30 s, 72°C 30 s for 35 cycles; and 72°C 5 min for one cycle.
Results

Dominant Screen for Modifiers of GFP Transgene Variegation.
We treated 12 FVB͞NJ males, homozygous for a GFP transgene, with ENU (22) . The GFP transgene in this inbred colony is under the control of an ␣-globin promoter and enhancer, which directs Table 1 . The GFP-positive gate is indicated as GFP ϩ . expression to erythrocytes (11) . This transgene is expressed in a variegated manner; 55% of the erythrocytes express GFP when the mouse is homozygous for the transgene (11) . The percentage of cells expressing GFP and the mean fluorescence of expressing cells is highly reproducible within this line. The line was chosen as it provided an opportunity to detect both suppressors and enhancers of variegation, and expression was known to be stable over many generations (11) . The ENU-treated males were used in a dominant screen for mutations that altered either the percentage of GFP-expressing erythrocytes or the mean fluorescence of the expressing cells. We have named the mutations Modifiers of Murine Metastable Epialleles (Mommes). We screened 608 G 1 offspring at 3 weeks of age and identified six dominant mutations, Momme D1-D6. The mutations arose in five different mutagenized males, and only Momme D1 and D6 were produced by the same male. These mutations produce distinct expression profiles (see Fig. 1 and Table 1 ). Each of these mutations have highly significantly different GFP expression profiles from their WT littermates, with respect to both percentage of GFP-expressing cells and mean fluorescence. The heritability of each mutation has been tested and confirmed over at least three generations by using at least 50 litters in each case (see Table 1 for quantitative analysis). Interestingly, Momme D6 has little effect on the percentage of expressing cells, but a large effect on mean fluorescence, possibly reflecting a role for the WT protein in stable, rather than variegating, position effects. Breeding studies confirmed that none of the mutations are allelic to the transgene itself (data not shown). The mutations include both suppressors and enhancers of variegation, because some shift the GFP fluorescence curve to the right (Momme D1, D2, D3, and D6), and some shift the curve to the left (Momme D4 and D5) (Fig. 1) .
Momme Ds Are Semidominant and Most Are Homozygous Lethal.
Heterozygous intercrosses of each Momme D revealed that the proportion of expression types observed in the offspring was not that expected for dominant mutations (Table 2 ). For classic dominant mutations, three-quarters of the litter will have a mutant phenotype, and one-quarter will be WT. In most cases, i.e., Momme D2-D6, we found two phenotypic classes in a ratio consistent with semidominance combined with homozygous lethality; i.e., two-thirds of the litter display the mutant phenotype and one-third display the WT phenotype (Table 2) . Momme D1 was the exception. It produced three distinct GFP expression profiles (see Fig. 2a ), indicating that the mutation is semidominant and homozygous viable. There is a reduced proportion of homozygotes (Table 2) , caused by lethality in females. Of the 13 homozygous offspring identified at weaning, all were male (P Ͻ 0.0005). The male homozygotes that survive to weaning are fertile and appear normal. Female homozygotes die in utero, between embryonic days 10.5 and 14.5 (data not shown).
The classification of Momme D2-D6 as semidominant, homozygous lethal is supported by a significant reduction in litter size at weaning for each heterozygous intercross (see Fig. 4 , which is published as supporting information on the PNAS web site). The fact that most of the dominant mutations are semidominant is consistent with the general finding in Drosophila that epigenetic processes are dose-dependent (2, 6, 7, 27) . MOMME D1 Plays a Role in Methylation of the X Chromosome. We performed embryonic dissections on FVB͞C57 F 1 Momme D1 Ϫ/ϩ dams, mated to FVB͞C57 F 1 Momme D1 Ϫ/ϩ sires, and genotyped the offspring by using microsatellite markers surrounding the linked interval on chromosome 17. Homozygous females appear macroscopically normal at embryonic day 10.5, yet show a complete lack of DNA methylation at the CpG island of the X-linked gene hprt (Fig. 2b) . WT female embryos show both hypermethylated (presumably representing the inactive X chromosome) and hypomethylated (presumably representing the active X chromosome) clones. The locus in male embryos is unmethylated, as expected. Interestingly, whereas heterozygous females have both methylated and unmethylated clones, the methylated clones are less methyl- Analysis of data presented in Fig. 1 . The percentage of expressing cells was determined by using a GFP ϩ gate, which was set to exclude 99.9% of WT cells. In each case, data from one representative litter (of at least 50 analyzed) are shown, because day-to-day variation in the flow cytometer readings means litters from different days cannot be pooled. Each mutant line has a significantly different expression profile to WT littermates, reproducible over many generations. ated than those seen in the WT samples. The WT samples show an average of 38% methylation, whereas heterozygous female embryos show an average of 11% methylation. Momme D1 appears to have a semidominant effect on cytosine methylation on the X chromosome, similar to its semidominant effect on transgene expression, and viability.
Momme Ds Affect the Coat Color Phenotype Associated with the A vy
Allele. The Momme D1-D5 heterozygotes were mated with yellow or pseudoagouti A vy ͞a C57BL͞6J mice, and the offspring were scored, at weaning, for the A vy coat color phenotype. Subsequently, the GFP expression profile was used to identify mutants from nonmutants (data not shown). Reciprocal matings were carried out because penetrance at metastable epialleles is affected by parent of origin (16, 18) .
Momme D1 increases the proportion of yellow offspring when a Momme D1 sire is mated with a pseudoagouti dam (see Fig. 3a ). This finding is consistent with Momme D1 increasing expression of the transgene (see Fig. 1 ). Furthermore, when the offspring from this type of mating are separated according to sex the shift toward yellow coat color (and thus the active allele) is limited to the female offspring. This finding is interesting in light of the fact that Momme D1 homozygosity in the inbred strain is associated with lethality of females. As expected, the shift in penetrance ref lects a shift in methylation of the intracisternal A particle at the A vy allele (see Fig. 5 , which is published as supporting information on the PNAS web site). These results suggest that the MOMME D1 protein is involved in X inactivation and in silencing of transgenes and retrotransposons. The inactive X chromosome may act as a sink for repressor proteins such as MOMME D1, and in situations where MOMME D1 is absent, disruption of X inactivation may result in female lethality. When there is a reduction in MOMME D1, as occurs in heterozygous females, presumably X inactivation does occur, but there is less MOMME D1 available for retrotransposon silencing (which we know occurs at approximately the same stage in development, see Introduction), leading to a shift to yellow at the A vy allele.
Momme D1 does not appear to affect coat color phenotypes after maternal transmission of the Momme D1 allele and paternal transmission of the A vy allele (data not shown). Momme D1 expression does not appear to be imprinted because its effect on transgene expression is independent of parent of origin (data not shown). So, this parent-of-origin effect may turn out to have more to do with the parent-of-origin effect always observed at the A vy allele (16, 18) .
Momme D2 also affects expression at the A vy allele in complex ways. Maternal transmission of Momme D2 results in an increase in the proportion of yellow offspring and, again, only in females (see Fig. 3b ). This finding is consistent with its role as a suppressor of variegation at the transgene. Although Momme D2 homozygosity is embryonic lethal in both males and females, approximately half the heterozygous females from a heterozygous intercross also do not survive to birth; of 90 heterozygous mutants, only 35 are female. Taken together, these results suggest that it may also be involved in X inactivation. Paternal transmission of Momme D2 has no effect on a maternally transmitted A vy allele (data not shown). As found for Momme D1, the effect of Momme D2 on transgene expression is independent of its parental origin (data not shown), and so it seems unlikely that Momme D2 is itself imprinted.
Momme D4 is an enhancer of variegation with respect to transgene expression, and we were interested to test its effect on the A vy allele. When a Momme D4 sire is mated to a yellow dam the offspring that inherit the Momme D4 mutant allele are more likely to be mottled. Momme D4 is shifting the pen- Fig. 2 . Momme D1 phenotypes. (a) Erythrocytes from 3-week-old mice from a Momme D1 heterozygous intercross were analyzed. The expression profile of two homozygote mutant offspring were averaged (blue) and overlaid with the average of the three heterozygote (red) and two WT littermates (black). The homozygotes are significantly different from the heterozygotes (P Ͻ 0.01). The x axis represents the erythrocyte fluorescence on a logarithmic scale, and the y axis is the number of cells detected at each fluorescence level. The charts are representative of the 29 litters tested, but because of day-to-day variation in the flow cytometer readings, litters from different days cannot be pooled. (b) Embryonic day 10.5 embryos derived from an FVB͞C57 F 1 heterozygous intercross were genotyped and sexed. Samples were bisulfiteconverted, and the hprt promoter region was amplified. Clones from five homozygous, five heterozygous, and five WT females and from two WT males are shown. A gray box represents a methylated CpG, and a white box indicates unmethylated CpG. The homozygous females completely lack methylation at this locus. Where there is a separation between clones from the same embryo, clones were derived from different bisulfite conversions.
etrance toward the mottled, and therefore inactive state (Fig.  3c) , consistent with it being an enhancer of variegation. In this case the effect is seen in both male and female offspring. Preliminary studies show that Momme D3 and D5 also inf luence penetrance at A vy in both parent-of-origin and sex-ofoffspring specific ways (data not shown).
Linkage Analysis. We have mapped the location of each mutation, and for Momme D1-5 we have narrowed the interval to between 1.6 and 6 Mb (Table 3) . During the breeding for the linkage analysis for each mutant, the expression profile remained constant, supporting the assumption that we are following a single mutation in each case. In most cases, the linked interval still contains too many genes to proceed to candidate gene analysis.
Discussion
Using a sensitized screen for modifiers of transgene variegation in the mouse, we have identified a number of mutations that affect epigenetic reprogramming during gametogenesis and early development. Similar screens for modifiers of PEV in Drosophila identified Ϸ150 genes including both suppressor [Su(var)] and enhancer [E(var)] mutations (2) . Of these, relatively few have been characterized. Although it is difficult to anticipate the frequency with which one will recover functionally important mutations from an ENU screen, previous reports estimate a frequency of Ϸ1 in 700 (28) . Based on the fact that the Drosophila screens found 150 modifiers (2), we anticipated a mutation in Ϸ1 in 15 of the G 1 offspring. Dominant mutations are known to occur far less frequently than recessive ones, so the frequency with which we found dominant mutations (1 in 100) seems reasonable. Interestingly, many of the mutations in the Drosophila screens were found to be haplo-dependent (2, 6, 7, 9, 27) . Haplo-dependent effects indicate that the encoded gene product displays a concentration-dependent function. This result is similar to our finding that the Momme Ds are semidominant. The complexes that perform the processes of gene silencing are believed to be in a dynamic equilibrium that is sensitive to small changes in the amount of each protein partner (29) .
The fact that the Momme Ds, identified because they play a role in transgene variegation, all affect penetrance at A vy suggests that many of the proteins involved in transgene silencing are the same as those involved in the silencing of retrotransposons. This finding is reminiscent of the fact that many dominant modifiers of retrotransposon insertional alleles in Drosophila display a dominant modifier effect on PEV (20, 21) . Variegated expression at transgenes is generally associated with multicopy arrays. Although repeat-induced silencing of this type has been reported in a broad range of eukaryotic organisms, it remains poorly understood (30) (31) (32) . Recent findings suggest RNA interference is likely to be involved (33) .
We have uncovered female-specific effects that suggest that the X chromosome is acting as a sink for proteins involved in epigenetic silencing. It became apparent in the studies on PEV in Drosophila that the degree of variegation could be shifted by the presence of the Y chromosome (34) . The Y chromosome results in suppression of variegation, which is thought to be because it acts as a sink for heterochromatin factors. In the case of Momme D1, homozygous female embryos die at midgestation and display abnormal patterns of cytosine methylation on the X chromosome. Therefore, at least in this case, it seems that the MOMME D1 protein is involved in X chromosome inactivation, and so it is reasonable to suggest that the inactive X chromosome may act as a sink for MOMME D1 in the heterozygous females.
The results reported here support the idea that at least some of the proteins involved in transgene and retrotransposon silencing are also involved in X inactivation, and they suggest that the presence of the X chromosome can influence transcriptional silencing at autosomal loci in mammals. It has been known for some time that early female embryos are developmentally retarded in mammals (including cows, humans, mice, and rats) compared with their male counterparts (35, 36) . This difference appears before sexual differentiation of the gonads and so cannot be explained by hormonal differences relating to sex. Our studies raise the possibility that the entire X chromosome could be involved, by sequestering proteins that are involved in con- There is no significant shift in the proportion of phenotypes observed between mutant and WT male littermates. In the female offspring, there is a significant shift toward yellow, removing the mottled class entirely (P Ͻ 0.0001). (b) Maternal inheritance of Momme D2. Pseudoagouti A vy ͞a C57BL͞6J sires were mated with Momme D2 Ϫ/ϩ FVB͞NJ dams. When the data were analyzed according to the sex of the offspring, there was a significant shift in the mutant female offspring toward a yellow phenotype (P ϭ 0.01). There is no shift in the proportion of phenotypes observed between mutant and WT male littermates. (c) Paternal inheritance of Momme D4. Yellow A vy ͞a C57BL͞6J dams were mated with Momme D4 Ϫ/ϩ FVB͞NJ sires. There was a significant shift toward the mottled phenotype in both male and female offspring.
trolling gene expression at autosomal loci. An extension of this idea is that epigenetic differences may play a role in phenotypic differences between the sexes in mammals. We await the identification of the genes underlying the Momme D mutations with interest. These mutant lines should provide a valuable resource for those working in the field of epigenetics. The study demonstrates the power of sensitized screens not only for the discovery of novel genes involved in a particular process but also for the elucidation of the biology of that process. Chr, chromosome.
